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WHY GO BEYOND NLO?

» improve the theoretical prediction truncated at NLO and reduce the
sensitivity of the predictions on renormalisation and factorisation scales

pp - (Z7")+X at Y=0
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On-shell Z boson production at the LHC
[C.Anastasiou, L.Dixon, K.Melnikov, F.Petriello "03]
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pp — 2] AT NNLO: MOTIVATIONS

» benchmark reaction: measurement to a few percent accuracy
» theoretical prediction with the same precision as the experimental data

v o (M) as function of E, for p=E,

e | [ Uncertainties due to the  scale

> «, determination from hadronic jet
observables limited by the unknown higher
order corrections

» CDF run I data gives
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» high Er jet data constrains the gluon pdf Transverse Eneray (GeV)

» size of NNLO correction important for precise determination of parton
distribution functions
» new physics signals in dijet mass distributions
» insight into infrared structure of QCD at NNLO

u]
]
I
ul
i
N



MOTIVATION
00
:

NNLO INGREDIENTS ANTENNA SUBTRACTION PP
@00000 000000000
NNLO INGREDIENTS

»2] AT NNLO
000000000

QCD jet cross section perturbative expansion at hadron colliders
_ 5LO 4 ~NLO Qs GNLO
do = Z / {d () ey + () a O(a )] Fi(a)fi (r2)dxidx
NNLO rm-jet corrections contains three contributions
dénnio ~

/[<M<0>|M<o>>] dd,, ., [+

+ / [(m® IM(l))+<M(1)|M(°)>] APyt Ji

n /[(M“ MDY £ (MOIMO) <M(2)|M<0)>]

m—+

de,, Iy
[(MD) MDYy is the interference of M-particle i-loop and j-loop amplitudes
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» three-loop splitting functions required for the evolution of parton
distribution functions at NNLO

ﬁuzﬁ(% wy=> [Pik(as(uz)) ®fk(u2)] (x)

k

P =aP? + 2P +a3p® 4 ..

» DGLAP splitting kernels have been calculated to O(a)” and are needed
for a consistent phenomenological treatment
[S.Moch, J.A.M.Vermaseren, A.Vogt '04]

» NNLO parton distribution functions e.g.
[A.D.Martin, R.Roberts, W.].Stirling, R.S.Thorne, G.Watt]
[S.Alekhin, J.Bliimlein, S.Klein, S.Moch]
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GLUONIC CONTRIBUTIONS
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AP (38 — 888%) AV (35 — 883) AP (35 — g8)

» tree level 2 — 4 matrix elements [F.A. Berends, W.T. Giele '87],
[M.Mangano, S.J.Parke, Z.Xu '87], [R.Britto, F.Cachazo, B.Feng "06]

» 1-loop 2 — 3 matrix elements [Z.Bern, L.Dixon, D.A. Kosower '93]

» 2-loop 2 — 2 matrix elements [C. Anastasiou, E.-W.N. Glover, C.Oleari,
M.E. Tejeda-Yeomans ‘01], [Z.Bern, A.De Freitas, L.Dixon "02]
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NNLO INGREDIENTS ANTENNA SUBTRACTION PP—2] AT NNLO
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!
N AR V1 )
dénno = dénnio + / doyiio + / doyiio
ddy dds dd,y
~R _ . (0) 2 1(4)
donnie = Nd<1>4(P37P47P57P6,P17P2)|Mgg—>gggg‘ J> 7 (p3, p1, 05, Ps)
~V,1 _ .
doyiio = N d®s(ps,pa,ps;p1,p2)
0)* (1) (0)
(MggﬂgggMggﬁggg + M
V2 .
doxnio =

* 3
gg%gggMég)ﬂggg) / é )(P37 P4, ps)
N d@:(ps, pa; p1. p2)
2)* 0 0 2)* 1 2 2
(MénggMéngg + Még)%ggMég)ﬁgg + |M§8L‘88| ) 5 )(P37P4)
» explicit infrared poles from loop integrations

» pole structure agrees with prediction of [S. Catani "98]
gluon emission

» implicit poles in phase space regions for single and double unresolved

» procedure to extract the infrared singularities and assemble all the parts

&
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Goal

» construct parton-level generator for (pp — 2j) with NNLO accuracy

» extract singularities keeping the kinematics of the final state intact

» double unresolved configurations » single unresolved configurations
double soft

triple collinear
double collinear

single soft and single collinear

» single soft
» single collinear

vV vyVvyy

» remove overlapping of various single and double soft and/or collinear limits
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ANTENNA SUBTRACTION

NNLO CALCULATIONS

PP—2] AT NNLO
000000000

» sector decomposition: expansions in distributions, numerical integration
[T.Binoth, G.Heinrich ‘02], [C.Anastasiou, K.Melnikov, F.Petriello "03]
» applied to Higgs and vector boson production

[C. Anastasiou, K. Melnikov, F. Petriello '04], [K. Melnikov, E. Petriello "06]
» subtraction: add and subtract counter-terms: process independent

approximations in all unresolved limits, analytical integration

» gr subtraction for colorless high-mass systems [S.Catani, M.Grazzini '07]
» applied to Higgs and vector boson production

[D.de Florian, M.Grazzini '07], [S.Catani, L.Cieri, G.Ferrera, D.de Florian, M.Grazzini "09]
» NNLO subtraction [G. Somogyi, Z.Trocsanyi ‘06]

» sector decomposition and subtraction [M. Czakon "11]

» numerical treatment for NNLO double real contribution of pp — #f

» antenna subtraction: general subtraction scheme for jet cross sections in
NNLO QCD [A.Gehrmann-De Ridder, T.Gehrmann, E.-W.N.Glover]
> jet observables in et

e~ processes v’
» jet observables in ep processes v’

> jet observables in pp processes (under development)
=] &



MOTIVATION NNLO INGREDIENTS ANTENNA SUBTRACTION PP—2] AT NNLO
00 000000 ©00000000 000000000

NNLO SUBTRACTION
ds = déRaio — dox
ONNLO /d%+2 ( ONNLO UNNLO)
+ /d - (dUNNLo d&xzs\mlo + d&%fmlo)

~MEF2 .S A VS,1
/ (dUNNLo + dUNNLo) + / déneo + / doio
dd,, A1 de

m+1

_|_

» doiy o real radiation subtraction term for déXy; o
LVS,1 . . A V1
» do ot one-loop virtual subtraction term for do

SV2 . .
» doy ot two-loop virtual corrections

~MF,1,2 . .
doyyj o mass factorization counterterms

each line above is free of infrared ¢ -poles and finite after numerical
integration

» subtraction terms constructed using the antenna subtraction method at
NNLO for hadron colliders — presence of initial state partons to take

into account 5 - _ -
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Colour connected double unresolved case for hadron collider processes

» final-final — 2 unresolved partons j, k emitted between hard final state
radiators 7,1

L

» initial-final — 2 unresolved partons j, k emitted between hard initial

state i and final state I radiators
1
: : E )\: .
T i

» initial-initial — 2 unresolved partons j, k emitted between hard initial

state radiators 7, ] - '
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ANTENNA FUNCTIONS AND TYPES

» colour-ordered pair of hard partons (radiators) with radiation in
between
» hard quark-antiquark pair
» hard quark-gluon pair
» hard gluon-gluon pair

» three-parton antenna — one unresolved parton
» four-parton antenna — two unresolved partons
» can be at tree level or at one loop

» can be massless or massive

» three configurations
» final-final antenna
» initial-final antenna
» initial-initial antenna

» all three-parton and four-parton antenna functions can be derived fom

physical matrix elements, normalised to two-parton matrix elements
[m] = = =
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INTEGRATED ANTENNAE

» massless tree-level antennae (m = 0)

NLO NNLO
final-final VT VT
initial-final V2 V3
initial-initial 2 first results®

[1] A. Gehrmann-De Ridder, T. Gehrmann and
E. W. N. Glover, JHEP 09 (2005) 056
[hep-ph/0505111];

[2] A. Daleo, T. Gehrmann and D. Maitre, JHEP
04 (2007) 016 [hep-ph/0612257];

[3] A. Daleo, A. Gehrmann-De Ridder, T. Gehrmann and G. Luisoni, JHEP 01 (2010) 118

[0912.0374];

[4] R. Boughezal, A. Gehrmann-De Ridder and M. Ritzmann, JHEP 02 (2011) 098

[1011.6631];

> subtraction scheme fully worked out at NLO for eTe™, DIS ep and pp or
pp processes

» subtraction scheme fully worked out at NNLO for ete™ and DIS ep
processes


http://arXiv.org/abs/hep-ph/0505111
http://arXiv.org/abs/hep-ph/0612257
http://arXiv.org/abs/0912.0374
http://arXiv.org/abs/1011.6631
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INTEGRATED ANTENNAE

» massive tree-level antennae (m # 0)

NLO NNLO
final-final V& first results
initial-final VLS X
initial-initial | v X

[5] A. Gehrmann-De Ridder, M. Ritzmann,
JHEP 07 (2009) 041 [0904.329711];

[6] A. Gehrmann-De Ridder, G. Abelof,
JHEP 04 (2011) 063 [1102.2443];
[7] W. Bernreuther, C. Bogner, O Dekkers,
[1105.0530];

» massive NLO subtraction scheme fully worked out for e™e™, DIS ep and
pp or pp processes

> [6] contains pp — ttj at NLO as byproduct

» essential ingredient for pp — t at NNLO

> [7] integrated one four-parton massive antenna required for tf at NNLO


http://arXiv.org/abs/0904.3297
http://arXiv.org/abs/1102.2443
http://arXiv.org/abs/1105.0530
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NNLO INITIAL-INITIAL ANTENNAE

» antenna factorisation for the initial-initial situation — colour connected
unresolved particles j

1
i
~ Q 1
L

» momentum-mapping: [A. Daleo, T. Gehrmann, D. Maitre "06]

i

T

—)

—)

1/2
u . N Sit + Sji + Sk Sij + Sik + Sit + Sjk + Sji + Su /
Py = Xip; Xi =
Sit + Sij + Sik Sil
1/2
Pt fpt % (Sil =+ sij + Six Sij + Sik + Sit + Sjk + Sjt + Skl) /
b= xpl )=
L Sit + Sj1 + Sk Sit

» phase-space factorisation:

APui2(Pay - PisPhs - - - Put2) = APu(Pas . .., Pms2; XiPi, XiP1)
5(3(1' — 32,) d(x; — JE]) [dk]} [dkk] dxi dx,
=] = = = >
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NNLO INITIAL-INITIAL ANTENNAE
[R. Boughezal, A.Gehrmann-De Ridder, M.Ritzmann "10]

» crossings of final-final four-parton antennae

quark-antiquark antennae

A AY3.3.8.9), A%3.2.3.9), A2(3..8.9), AL (g

A AY3.3.8.9), A%F.8.8.9), AY(9.8.2.7)

B BZ(M&;L])BOMqﬁBZMﬁ/ﬁ)*

Q C3.7.9.9),C[.7.9.9), C2(9.7.9.9)" €3(9.9.3.9)"

quark-gluon antennae

D}  D§(4.8.8.8), D5(4.8.8:8), D5(4,8.8:8), Di(4,8,8:8)
Ef  EV9.9.7.8).E1(.9.9.%8),Ei(9.9.7,8),. E2(9,9,7,3).
E)  E3.9.7.).E3.9.7.3).E1.7.7.8), E3(9.9.7.3)




MOTIVATION

00
:

NNLO INGREDIENTS ANTENNA SUBTRACTION PP—2] AT NNLO
000000 000000080 000000000

NNLO INITIAL-INITIAL ANTENNAE

[R. Boughezal, A.Gehrmann-De Ridder, M.Ritzmann "10]

gluon-gluon antennae

F HE288) HE8ES)
Gi  Gi(8.7.7.8) Gi(8.9.9.8), Gi(8.9.9.8), Gi(3.7.7.8)
Gi  Gi(8.9.4.8) Gi(8.9.7.8), Gi(3.9.7.8)
Hy  Hi(4.9.4.7) Hi(3.9.9.7)
» gluonic contribution for pp — 2j at NNLO requires
k » kinematical crossing of final-final gluon-gluon
§ g ( €0 li) antenna function
H(p) 99) g (k]_,Sl V)
"""" L 4 G (kas,) o= fed =002 304

*d (k3’830) > Fi(15,2,35,4), Fi(1g, 35, 26, 45)

» 2 — 3 antenna in the initial-initial configuration
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INTEGRATED ANTENNAE

> integrated antenna over the unresolved phase space with ¢* and x1, x2
fixed [R. Boughezal, A.Gehrmann-De Ridder, M.Ritzmann "10]

1 " 5
X (r0) = gy [ IR = 201605 = 2) X i)
linear combinations of 32 master integrals
coefficients contain poles in € and rational factors in x1, x2
end point behaviour: (1 —x1) ™' 72(1 — x2) 7' 7% R(x1, x2)
expansion in distributions around endpoints x;,x, =1

vVvyVvyyvyywy

use differential equations in x1, x> to compute the master integrals

v

integrated antennae with two quark flavours

» crossings of:

’

» quark-antiquark antenna: Bg(q,q/ q,q9)
7,8)
q)

» quark-gluon antenna: Eg(q, q/,

» gluon-gluon antenna: Hﬁ(q, 7,9
» contain 12 (out of 32) master integrals
» full set in progress
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PP—2] AT NNLO
NNLO DOUBLE REAL CORRECTIONS TO pp — 2j
[N. Glover, JP "10]

®00000000

» gluon scattering corrections to gg — g¢

> six parton tree level processes contributing
to two jet final states (leading colour)

R o\ 2
dofnio = N* Niom (ﬁ) d®4(ps, ,Pe;PuPz)(
2 A%y, By s do ko, 1T (0
a 6(1g: 2¢, i, jg, kgs )2 (Pis - - 1)
© P(iyj k1) E€(3,4,5,6)
2 A A .
+E Ag(lgvlgvzsa]gakg:lg)]§4)(Pi, <)
" P(i,j, k) E€(3,4,5,6)
2
]

~ . . A 4
Ag(lgvlgv]gv2gvkgalg)]§)(Pi» 7Pl)>
Pe(irj ko) €(3,4,5,6)

» three topologies according to position of the initial state gluons

=] F
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SUBTRACTION TERMS - IIFFFF TOPOLOGY
[N. Glover, JP "10]

' P(3,4,5,6)
~S,b
déyNio =

2 2

~R 2 05 5 - 4

dénnLo = N” Nion ( ) d®y(p3, P63 P15 P2) a Z Ag(lg, 2, lgv]g»kg,lg)lg )<pi7 N
2

= N” Npomn

(55) am F
P 4(P35 - - -5 P63 P15 P2 a

(F§Cyoig. g k) = 13 g g, ) PR gy (i)g Ke) — 3 (i g ke )FS (B i) ()
13 Ggs ks 2B G i, () ) 4G g 2, ) 1) IS (s )

+(F$.n<fg,wg,1x> = A Gg, jgs k)3 (g g, ) — 15 Gigs g 1) (g, GR) (”kT)g>)
AY (g, 3¢, (), IS (P Piky)

+(F2_b<fg,/w ke lg) = 13 Gig, g k) (g 1, Gk“)g>)A2<igégw (g FNISY i i)
+(F3(ig<, lg, kg jg) *fé)(igy lg, kg)Fg(iga mgvfg) *fg(lgykgs/'g)Fg(igv 21768, (I;]Sg)

oA 2 — 2 a4, 2 —~ .
7f30 (kg,]g, lg)Fg (1g, lg, (]lc)g)>A2(1g7 2, ig, (lk])g)lé )(pi, plk/‘)+CyCllC +Lreversal +>

&
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CHECK OF DOUBLE UNRESOLVED LIMITS

» double soft limit

6000 T T T 00 T T T T —
double soft limit for gg-gggg 1018 & Double soft limit for gg-gggg -
5000 ' #ps points=10000 1 Tl x=(s-sils ]
1487 outside the plot =Sl 8 1
317 outside the plot H o4 b 1
4000 | 59 outside the plot B g 1012 ]
9 0=, 10 [ ]
E g 10°
H 3000 b 9 103 L 4
* m% 10° | 1
2000 1 8 1 ]
102 ]
1000 [l 1 12 F ! ! ! J
" = hif ]
! 1
0 0.9
0.99997 0.99998  0.99999 1 1.00001 1.00002 1.00003 10'6 10'5 10'4 1073 10 2 10 1
R X
i
» double k, I soft limit when s;; ~ s
[,
» infrared behaviour of subtraction term 1 2
coincides with the matrix element )
-
R
> R— d"g}NLo lg kg—0 _
= i
dointo o & = = =
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TRIPLE COLLINEAR LIMIT

3500 T T T 5000 T T T T — T
Triple collinear limit for gg -gggg [T Xfigig _— 4500 | Triple collinear fimit for gg..gggg [] | Xf'igig — ||
3000 oy — i 1010
#PS points=10000 1 4000 [ #PS points=10000 b
e
17 outside the plot 54 outside the pl
5 2w | . 3000 |- 54 outside the plot i
2 H £ 2500 - L 1
#* 1500 [ 1 * 2000 | I 1
1000 q 1500 - 1
H 1000 [ 1
500 b 500 |- 1
0.99996 0.99998 1 1.00002 1.00004 0.996 0.998 1 1.002 1.004
R
ik i
/ 7
I I
» generate phase space points with small triple invariant s;; or si mass
» soft and collinear limit v/
» double collinear limit v/
>

similar agreement for all single unresolved limits v/
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NNLO REAL-VIRTUAL CORRECTIONS TO pp — 2j

0000e0000
[A.Gehrmann-De Ridder, N.Glover, JP] (in preparation)

» gluon scattering corrections to gg — g¢

» five parton one-loop processes contributing
to two jet final states (leading colour)

%)zd%(lﬂ& o, P55 P1,P2)
>

P(i,j,k)€(3,4,5)

Aé(ig: igv g, Jg» kg)fés) (pi, pjs Px)

~ RV 2
dO'NNLO = N Niom (

2
3!

2
+=

SIS

P(i,j;k) €(3,4,5)

Aé(igv lg, anjga kg)fés) (pi, pis Pk)>

» two topologies according to position of the initial state gluons

» simpler colour connection for one single unresolved emission

[m]

&
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00000e000

Vs,1 ~VS,1,a
doio = / dUNNLo +d

VS, 1,b
onno +do

~A
NNLo T / dUNNLO
the double real contributions

> [déynois the 1nteg{”ate§l form of all single unresolved behaviour of

» removes the explicit poles in the virtual amplitude (KLN theorem)
[ oo =

FF
Nd¢‘m+1(}73, ,Pnt+3§P1,P2) ZX‘?’O (I;) |Mm+3|2 ](val)(p37 ,pm+3)
ik
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L VS,1a .
> doid

PP—2] AT NNLO
0O00000e00

removes implicit poles from kinematical singularities of virtual
amplitude — singular limits factorize as a combination of three parton

one-loop antenna function and three parton tree level antenna function

+ « K
dAVS 1,a

1
e
ONNLO =

K

N d@ui1(ps, .-, Pmts; p1, p2) Z X3< )|_M<1> 25" (pss

--,Pm+2)
+ N APur(ps, - puisiprp2) Y X3 <’5) IMOLIE TR (93, pt2)
j
Hp) g'(koco,)
p o

» gluonic contribution for pp — 2j at NNLO requires
& b i
QMJ g (k1)
(2}

1-loop gluon gluon antenna function for initial-final
and initial-initial configurations obtained by
%. C

% g (kp,e2p)

crossing from the 1 — 3 1-loop antenna

2R(MO e M%)
Xip = |AZZ|2 £ EF;(lg:Zg»?’g)

= =
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~VS,1,b . . .. ..
> daNNéo removes Ssxzf:rsubtractlon of implicit and explicit poles of
55.a 5VS.1,a
J 630 and déyyig

~VS1,b
doiio =

FF
N d(I)m+1 (p3, s Pm+3; pl,pz) g X30 (S,'k) ; Xg (III;) |./Vlm-',-2|2 ](m)

m

» large angle soft radiation contribution given by [ défin.0

R 1 FE
/deJNLO =N d®ui1(ps, ... pm+3i p1,p2) ; Exg <III;)
X [SIK;ik — Siksit + Savik — Saisik + Skwiik — Skb;ik] [ M| I (p3s- -+ Pmy2)

with S the integrated soft factors present in unintegrated form in the
double real contributions
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PP—2] AT NNLO
NNLO REAL-VIRTUAL CORRECTIONS TO pp — 2j

[A.Gehrmann-De Ridder, N.Glover, JP] (in preparation)
» construction of

~VS,1 ~ MF,1
doypjio +do

NNLO — / dUNNLo +dé

NNLO

VS,1a | 1.VS1b
+donio
development)

+ / don NNLo + d‘7NNLO
which removes all poles in the real virtual contribution dé\y; o (under

identified extra inclusive integrals needed for pp — 2j at NNLO

X?,l Sam‘k
final-final v v
initial-final v v
initial-initial | (in progress) | (in progress)
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CONCLUSIONS

Towards pp — 2j at NNLO (gg — gg channel)
dénnio = / (dﬁfrmo - dff}%}NLo)
APy g2
b [ (a0 —aailo + doiih)
m-+1

~ MF,2
/ (dJNNLO + dUNNLo) + /
dd,, do

» double real subtraction term dé 3, o constructed and tested

+

~S ~VS,1
dUNNLO +/ dUNNLO
d

) D1

» infrared structure of the double real (NNLO) emission written in terms
antenna functions

> qu)mH (doSnro — dojno) finite and integrable in four dimensions

» real virtual subtraction terms d&y,, — déya o + doamie, in progress

] = =
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SINGLY UNRESOLVED LIMITS

#events

350 T T T

single collinear limit for gg 9999
#PS points=10000
[ 3108 outside the plot
utside the plot
3065 outside the plot
250 |-

100

#events

Single collinear limits:

Single collinear limit for g9--0999
- #PS points=10000

5173 outside the plot
b 516001 ot

5159 outside the plot

> generate phase space points with sj or s1; small

Distributions with a broader shape due to:

» angular correlations in matrix elements and antenna functions when an
initial /final state gluon splits into two gluons not accounted for by the
subtraction term — non-locality of subtraction term
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ANGULAR TERMS SUBTRACTION

PP—2] AT NNLO
000000000
» angular terms vanish after averaging over the azimuthal angle
1 27 1 27 ) popin-p
= k) = - k)P = gp e H
2 ). dé(pi-k)=0, o | do(p ki) L
@@(l‘,j,z,kj_) ~ Acos(2¢ + «)

» combine phase space points related to each other by a rotation of the
system of unresolved partons {p:, p;} — {pi,p;}

pi = zp" + k|

with 2p; - pj = —

z(1-2z)"’
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9000 |- #PS points=10000 0 = | #PS points=10000 02 =
73 outside the plot 8 outside the plot
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8000 - 0 outside the plot x=Sds 1 8000 [ 0 ouside the plot 1
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R R

/| B
| K
» in both collinear limits combining phase space points largely cancels
angular dependent terms

generalizable to multiple collinear emission

subtract correlations systematically at the phase space generation level
[m] = = =
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